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The present investigation attempts to provide a better under-
standing of the influence of the nature of the carbon support on the
HDS activity of Mo, Ni, and NiMo catalysts. For this purpose a high
purity activated carbon was subjected to oxidative treatments with
HNO3 to modify its surface properties. NiMo catalysts supported
on the resulting activated carbons were prepared and characterized
by TPR, XRD, and SEM–EDX, and their activity for HDS of
thiophene at 30 bars and 375◦C was evaluated. The results obtained
showed that oxidation of the carbon surface does not affect the
HDS activity and other characteristics of the supported Mo phase.
In contrast, the HDS activity of the Ni catalysts is enhanced by
acid treatments of the carbon support. In this case, introduction
of oxygen-containing functional groups (O(s)) leads to a strong in-
teraction of O(s)–Ni during impregnation, which becomes essential
to achieving and preserving high nickel dispersion. This effect on
Ni dispersion is also reflected on the HDS activity of the bimetallic
NiMo/C catalysts. The synergistic effect of the bimetallic catalysts
is observed only when oxygen functional groups are present on
the carbon surface, which are necessary for a good HDS activity,
mainly because they enhance Ni–Mo interactions that produce the
highly active Ni–Mo–S phase. A NiMoO4-like phase formed during
impregnation seems to be the precursor for the active sulfide phase
over the present NiMo/C catalysts. c© 1996 Academic Press, Inc.

INTRODUCTION

One growing area in hydrotreatment catalysis is the study
of carbon-supported sulfide catalysts, since they exhibit re-
markable properties if compared with alumina-based cata-
lysts (1–8). It is now well documented that, in addition
to showing improved coking resistance (9, 10), carbon-
supported CoMo and NiMo sulfides are more active hy-
drodesulfurization (HDS) catalysts than the corresponding
alumina-supported sulfides (1–7).

While the relatively high HDS activity of carbon-
supported catalysts seems to be well understood (2–4), the
frequent activity discrepancies reported for catalysts sup-
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ported on what are supposed to be similar carbons are dif-
ficult to predict and understand (11). The origin of these
discrepancies seems to lie in the chemical properties of car-
bon, which are influenced by the nature and quantity of
the surface oxygen functional groups (12, 13). Thus, it is
the metal precursor/support interaction during support im-
pregnation that requires special attention. Although there
have been several attempts to relate the surface properties
of the carbon support to the different HDS activities, an
understanding of the metal precursor/carbon interactions
is not comprehensive. For example, Martı́n-Gullón et al.
(14) have described the role of oxygen surface groups as
negative while Vissers et al. (15) found an increase in acti-
vity when a carbon black support was treated to increase the
number of oxygen surface groups. In recent studies (11, 16),
it was concluded that the extent of adsorption of Mo can
be tailored by oxidative and/or thermal treatment of the
support, but, in particular, it was concluded that it is not
sufficient to create adsorption sites on the support surface:
these must also be made accessible to the metal precursor
and preserved during catalyst activation.

Within the above scope, the purpose of the present com-
munication is to gain more insight on the effect of the nature
of the carbon surface on the HDS reaction over carbon-
supported catalysts. The focus is on one support, a high sur-
face area–low ash commercial activated carbon (Merck),
in which the surface properties were modified by treatment
with different HNO3 solutions. In contrast with other work
(11, 14, 16), we deal not only with molybdenum catalysts
but also with Ni and Ni-promoted Mo catalysts, since these
effects have not been extensively studied in these mixed
metal catalysts.

EXPERIMENTAL PROCEDURE

Catalyst Preparation

A high purity activated carbon (Merck, 917 m2 · g−1,
1 wt% ash) was oxidized by treating it with different
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concentrations (0.0, 0.5, 1.0, and 6.0 M) of boiling HNO3

for 8 h, followed by extensive washing with distilled wa-
ter. The resulting supports (denoted as C-0, C-0.5, C-1, and
C-6) were impregnated (incipient wetness impregnation)
with ammonium heptamolybdate and/or nickel nitrate so-
lutions. The bimetallic catalysts were first impregnated with
molybdenum. The impregnated samples were dried in air at
110◦C overnight. The nominal compositions of the catalysts
were 5 wt% NiO for the Ni/C samples, 10 wt% MoO3 for
the Mo/C samples, and 3 wt% NiO and 10 wt% MoO3 for
the bimetallic catalysts. Note that these oxides are probably
not present, but this convention is followed for consistency
with previous work (8, 17). Also note that the catalyst no-
tation for oxidic, dried samples is based on the metal phase
(Mo, Ni, or NiMo) followed by the support designation, i.e.,
Mo/C-6. When the catalysts are sulfided (S) is added to the
notation or it is indicated that they are sulfided.

Catalyst Characterization

The surface properties of the original Merck activated
carbon and its oxidized derivatives were determined by N2

adsorption at 77 K using a Micromeritic ASAP 2000 ap-
paratus. The acid site concentration and the acid strength
were measured by titrating a suspension of the activated
carbon in acetonitrile with n-butylamine (n-C4H9NH2)
0.1 N using a CRISON-MicropH 2001 pH meter.

Temperature programmed reduction (TPR) analyses of
the impregnated metal precursors and of the sulfided ca-
talysts were carried out using an apparatus consisting of a
gas flow system connected to a thermal conductivity cell
to follow changes in the composition of the reducing gas
(15 vol% of H2 in N2). The samples (0.020 g) were placed
into a U-shaped reactor and heated at a constant rate of
20◦C ·min−1. The water produced was removed with a li-
quid nitrogen trap at the reactor outlet. Thus, the observed
signals were related only to hydrogen consumption. Peak
fitting and peak area calculation were performed using soft-
ware (shareware GOOGLY, courtesy of Dr. Andy Proctor,
Univ. of Pittsburgh), and hydrogen consumption was cal-
ibrated by means of known quantities of V2O5. Catalysts
were sulfided ex situ in the TPR U-shape reactor using a
mixture of H2S and H2 (1/10) for 2 h at 400◦C. Before the
analysis, the reactor was cooled in He to room temperature
and then transferred to the TPR flow system.

X-ray diffraction (XRD) powder patterns of the sulfided
catalysts were obtained with Ni-filtered CuKα radiation us-
ing a Seifert 3000 P diffractometer. Catalysts were sulfided
ex situ using the conditions described above and kept in
isoctane at 3◦C. All XRD analyses were done 12 h after
presulfidation.

Scanning electron microscopy with simultaneous energy
dispersive X-ray analysis (SEM–EDX) of the sulfided cata-
lysts was done using an ISI-DS-130 electron microscope

equipped with a Si/Li detector and a Kevex 800 processor.
Catalysts were sulfided ex situ as done for TPR and XRD
analysis and kept in isoctane at 3◦C. Prior to the analysis, the
samples were ground, pressed into wafers, and re-covered
with a graphite film.

Catalytic Measurements

The thiophene hydrodesulfurization activity measure-
ments were carried out in a fixed-bed-type reactor con-
nected to a flow system at 30 bar and 375◦C. Catalyst sam-
ples (0.20 g) were sulfided in situ by a mixture of H2S/H2

(1/10) at 400◦C for 2 h. A solution of 17 wt% thiophene
in cyclohexane was introduced into the reaction system by
means of a liquid pump at a rate of 12 ml · h−1. The reac-
tion products were collected at the end of the reactor and
analyzed by gas chromatography.

Conversions measured under steady state conditions (af-
ter 2–3 h of reaction) were used to calculate the intrin-
sic HDS activity per atom of Me [QTOF= quasi turnover
frequency, expressed in moles of thiophene converted per
atom of Me (Me=Ni, Mo, or Ni+Mo) per square nanome-
ter support surface area per second].

RESULTS

Surface Area and Acidity of the Supports

Table 1 shows the results obtained from N2 adsorption
analyses and potentiometric titration of the Merck ac-
tivated carbon and its acid-treated derivatives. Changes
in the porosity of the support are observed as the acid
concentration of the treatment solution increases. The
BET surface area and micropore volume of the activated
carbon C-6 are almost 75% of the values obtained for the
C-0 sample. Since some destruction of the porosity of the
original activated carbon is found when treated with HNO3,
the thiophene hydrodesulfurization activities of the differ-
ent catalysts have been normalized by the surface area of
the different supports used (see below).

The oxidation of the activated carbon surface as a con-
sequence of the treatments with HNO3 is evident from the
acidity results reported in Table 1. For example, the acidity

TABLE 1

Characterization of the Activated Carbon Treated with HNO3

Activated carbon C-0 C-0.5 C-1 C-6
HNO3 treatment 0 M 0.5 M 1 M 6 M
BET surface area, m2 · g−1 917 880 812 710
Micropore volume, cc · g−1 0.293 0.281 0.243 0.207
Acidity, meq n-C4H9NH2 1.7 1.8 2.1 3.6

(0.1 N) · g−1

Acid strength, E0 (mV)a −55 (w) −6 (w) 203 (vs) 200 (vs)

a Initial electrode potential; w=weak, vs= very strong.
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FIG. 1. TPR profiles of (A) nonsulfided and (B) sulfided Merck activated carbon supports: (a) C-0, (b) C-1, (c) C-6.

of the C-6 is twice that observed for the C-0. A consider-
able increase in the acid strength of the activated carbon
surfaces is also observed as the concentration of the acid
solution increases.

Temperature Programmed Reduction (TPR)

Activated carbon. TPR profiles of the nonimpregnated
supports (Fig. 1A) present a broad band at about 660◦C
attributed to surface oxygen complexes (18, 19). Note that
the intensity of this peak clearly increases with the strength
of the oxidation of the activated carbon surface. When the
supports are sulfided, their reduction temperatures are sim-
ilar to those of the nonsulfided samples (Fig. 1B). The in-
tensity of the peak also increases with the strength of acid
treatment used. Therefore, TPR data lead us to conclude
that the activated carbon used is actually oxidized by the
present nitric-acid treatments.

Mo/C catalysts. The TPR profiles of the Mo precursor
impregnated on the Merck activated carbon and its deriva-
tives are shown in Fig. 2. All profiles are dominated by
a peak with a maximum positioned at similar tempera-
tures, at 580–590◦C. For the Mo/C-1 and Mo/C-6 catalysts,
a shoulder near 660◦C is also evident (Fig. 2A). This last
signal could be assigned to the reduction of the carbon sup-
port, as its reduction temperature and H2 consumption are
similar to those observed for the nonimpregnated support
(Table 2). From Table 2, it is observed that the H2 con-

sumption related to the first reduction peak (580–590◦C) is
practically independent of the acid treatment of the Merck
activated carbon, indicating that oxidation of the support
does not significantly affect the reducibility of the Mo pre-
cursor impregnated on the activated carbon.

TPR profiles of the sulfided Mo/C samples also show two
reduction peaks (Fig. 2B). From the r values showed in
Table 2, the peak at 660◦C could be clearly assigned to re-
duction of the bare support. The first peak (450–440◦C), due
to the reduction of a sulfided Mo species, shifts slightly to
lower temperatures when the support is treated with HNO3.
However, the maximum shift is only around 10◦C, and it is
not clear whether a more reactive sulfided Mo phase is ob-
tained when the carbon surface is oxidized. The amount
of H2 consumption related to this signal seems to increase
slightly with the degree of oxidation of the carbon surface
(Table 2), but the maximum variation is ca. 10% which is
not very significant. Therefore, this suggests that sulfidation
of Mo is not strongly affected by support oxidation.

Ni/C catalysts. TPR of the impregnated Ni precursor
(Fig. 3A) shows three peaks, at about 390, 450, and 660◦C.
The second reduction peak, at about 450◦C, appears near
the reduction temperature of bulk nickel oxide (Fig. 3A.d),
suggesting that Ni could be present in an oxide-type phase.
The first reduction peak, at about 390◦C, corresponds to a
phase which is even easier to reduce. This TPR signal could
be assigned to reduction either of nickel nitrate species or of
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FIG. 2. TPR profiles of (A) impregnated molybdenum heptamolybdate and (B) sulfided Mo on acid treated activated carbons: (a) C-0, (b) C-1,
(c) C-6, and (d) bulk MoO3.

another nickel oxide-type phase. The presence of two well
distinguishable oxide phases could be related to a varying
degree of interaction between these nickel phases and the
surface functional groups of the activated carbon.

The broad, high temperature reduction signal (660◦C)
observed in the TPR of the Ni/C samples (Fig. 3A) could be
assigned to reduction of the carbon support. However, the
consumption of hydrogen due to this reduction is notably
higher than that observed for the nonimpregnated support,

TABLE 2

Hydrogen Consumption in TPR of Mo (10 wt%) Supported on Acid Treated Activated Carbons

Reduction region

600–700◦C
400–500◦C 500–600◦C

Amount of Mo H2 H2 H2 (supp.)a

Catalyst (mmol/g cat) (mmol/g cat) (mmol/g cat) H2 (mmol/g cat) rb

Mo/C-0 0.69 1.79 — 0.004 —
Mo/C-1 0.69 2.15 1.03 1.08 0.95
Mo/C-6 0.69 2.00 1.35 1.44 0.94
Mo/C-0 (S)c 0.69 1.73 0.78 0.89 0.88
Mo/C-1 (S) 0.69 1.85 0.87 0.95 0.92
Mo/C-6 (S) 0.69 1.93 1.66 1.43 1.16

a H2 (supp.): H2 consumption due to the non-impregnated support.
b r=H2/H2 (supp.).
c (S): sulfided catalysts.

especially for the Ni/C-0 sample (Table 3). Also note that,
for this catalyst, the hydrogen consumption due to the first
peak (Ni reduction) is significantly lower than for the Ni/C-1
and Ni/C-6 samples. Since all the catalysts have the same
Ni loading, the high temperature peak could be assigned
not only to reduction of the carbon support but also to Ni
reduction. The presence of a high-temperature reduction
peak could be related either to a Ni phase in strong inter-
action with the carbon matrix of the support, which could
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FIG. 3. TPR profiles of (A) impregnated nickel nitrate and (B) sulfided Ni on acid treated activated carbons: (a) C-0, (b) C-1, (c) C-6, and (d)
bulk NiO.

produce a refractory Ni phase during TPR analysis, or to
different reduction kinetics followed by Ni oxide particles
residing in different pores of the activated carbon. Water
produced during reduction generally inhibits further reduc-
tion when it is retained by the material in the vicinity of
the reducible phase (20). It is possible that the micropores
retain water more strongly due to special electric field ef-
fects, thus making Ni adsorption in the microporosity much
stronger than in the remainder of the porous structure. This

TABLE 3

Hydrogen Consumption in TPR of Ni (5 wt%) Supported on Acid Treated Activated Carbons

Reduction region

500–700◦C
300–400◦C 400–500◦C

Amount of Ni H2 H2 H2 (supp.)a

Catalyst (mmol/g cat) (mmol/g cat) (mmol/g cat) H2 (mmol/g cat) r b

Ni/C-0 0.67 0.02 0.04 0.65 0.004 163
Ni/C-1 0.67 0.13 0.36 1.26 1.08 1.17
Ni/C-6 0.67 0.08 0.47 1.48 1.44 1.03
Ni/C-0 (S)c 0.67 0.87 0.70 0.89 0.79
Ni/C-1 (S) 0.67 0.93 1.08 0.95 1.14
Ni/C-6 (S) 0.67 0.85 1.37 1.43 0.96

a H2 (supp.): H2 consumption due to the non-impregnated support.
b r=H2/H2 (supp.).
c (S): sulfided catalysts.

would mean, on the other hand, that Ni can penetrate the
micropores while Mo cannot because such an effect is not
observed in Mo catalysts. The relation between low- or high-
temperature reduction peaks and different pore sizes has
recently been studied in detail (21, 22).

Figure 3A and Table 3 clearly show that oxidation of the
activated carbon increases the amount of reducible nickel
oxide phases on the catalyst surface. As the acid concentra-
tion of the treatment solution increases, H2 consumption
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FIG. 4. TPR profiles of (A) impregnated molybdenum heptamolybdate and nickel nitrate, and (B) sulfided NiMo on acid treated activated carbons:
(a) C-0, (b) C-1, (c) C-6, and (d) bulk NiMoO4 · xH2O.

increases due to both the 390 and the 450◦C reduction
peaks, while that due to the 660◦C signal decreases (Table 3,
last column). Note that for Ni/C-6, the ratio r=H2/H2

(supp.) is close to 1, which leads us to assign the high tem-
perature peak only to reduction of the carbon support. An-
other interesting observation in Table 3 is that the hydro-
gen consumption due to the 450◦C reduction peak increases
considerably compared with that for the lower temperature
peak when the carbon support is treated with the 6.0 M ni-
tric acid solution. It should be expected that a NiO phase in
a bound form, or as a surface compound on the carbon, is
being favored as the concentration of surface oxygen func-
tional groups increases due to oxidation of the activated
carbon.

TPR profiles of the sulfided Ni/C catalysts show two
reduction peaks at 410–460 and 660◦C (Fig. 3B). As for
the sulfided Mo/C catalysts, the peak at 660◦C could be
assigned to reduction of the sulfided support (Table 3, last
column). The first peak at 410–460◦C, therefore, could be
assigned to reduction of sulfided Ni. As with the Mo/C
samples, the amount of H2 consumed reflected in the peak
at lower temperature is independent of the carbon surface
oxidation. On the other hand, a shift of about 50◦C to
lower temperatures is clearly observed for this signal when
the activated carbon is more oxidized, showing that the
treatment of the support favors the formation of a more
easily reducible sulfided Ni phase.

NiMo/C catalysts. Figure 4 shows the TPR profiles of
the Ni–Mo precursors impregnated on Merck activated car-
bon and its derivatives. Two reduction peaks at 460–500◦C
and 620–660◦C can be discerned. For the NiMo/C-1 and
NiMo/C-6, the peak at 620–660◦C could be related only
to reduction of the support (Table 4, last column). For
the NiMo/C-0 sample, due to the high r value observed
(Table 4), this signal could also be assigned to reduction of
Mo species (Fig. 4A.a). This is based on the observation
that in the Mo/C samples (Fig. 2A) reduction of Mo species
takes place at about 590◦C and partially overlaps with that
of the support. On the other hand, the peak at 460◦C ob-
served in this catalyst could be assigned to reduction of a Ni
oxidic phase, similar to that proposed for the Ni/C samples.

From Fig. 4, it is clear that oxidation of the activated car-
bon surface affects the TPR profiles of NiMo/C samples.
The peak at 460◦C of the NiMo/C-0 catalyst shifts to higher
temperatures as the support is being oxidized. Also, H2 con-
sumption (see Table 4) due to the band at a lower tempe-
rature increases considerably as the support is treated with
nitric acid, while that due to the 620–660◦C reduction peak
decreases significantly (Fig. 4A, Table 4). Furthermore, note
that for the NiMo/C-1 and NiMo/C-6 catalysts, the r value is
close to one, indicating that reduction of all the impregnated
Ni and Mo occurred at 500◦C. When the reduction pro-
files of these samples are compared with that obtained for
bulk commercial NiMoO4 · xH2O (Fig. 4A.d) the similarity
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TABLE 4

Hydrogen Consumption in TPR of NiMo (3/10) Supported on Acid Treated Activated Carbons

Reduction region

500–700◦C
300–400◦C 400–500◦C

Amount of Ni+Mo H2 H2 H2 (supp.)a

Catalyst (mmol/g cat) (mmol/g cat) (mmol/g cat) H2 (mmol/g cat) r b

NiMo/C-0 1.09 0.02 2.07 0.004 518
NiMo/C-1 1.09 1.99 1.22 1.08 1.13
NiMo/C-6 1.09 2.57 1.38 1.44 0.96
NiMo/C-0 (S)c 1.09 2.14 0.97 0.89 1.09
NiMo/C-1 (S) 1.09 2.20 1.11 0.95 1.17
NiMo/C-6 (S) 1.09 2.14 1.47 1.43 1.03

a H2 (supp.): H2 consumption due to the non-impregnated support.
b r=H2/H2 (supp.).
c (S): sulfided catalysts.

observed could be suggesting the presence of a mixed oxide
phase. Therefore, these results lead us to propose that the
peak observed in the TPR of the NiMo/C-1 and NiMo/C-6
samples comes from the reduction of a nickel molybdate-
type phase formed when both metal compounds are im-
pregnated on an oxidized activated carbon surface.

The TPR profiles of sulfided NiMo/C catalysts show two
reduction peaks at 350–390 and 660◦C (Fig. 4B). Compari-
son with the TPR profiles of the sulfided supports (Fig. 1B
and Table 4, last column) shows that the second peak is
unambiguously due to reduction of the sulfided support.
The first peak, which shifts to temperatures about 40◦C
lower as the activated carbon is oxidized, may be assigned to
reduction of sulfided Ni and Mo phases. As for the Ni/C cat-
alysts, this result indicates that the acid treatment of the sup-
port favors the formation of a more reactive sulfided NiMo
phase. On the other hand, for the sulfided NiMo/C-6 cata-
lyst (Fig. 4B.c), as we proposed the formation of a NiMoO4-
type phase over the acid-treated supports, the 350◦C peak
in this sample should come from the reduction of the sul-
fided molybdate-type phase. Indeed, Brito et al. (23) have
carried out TPR analyses of bulk sulfided NiMoO4 phases
which resemble the spectrum observed here for sulfided
NiMo/C-6.

X-Ray Diffraction (XRD)

XRD patterns of the sulfided Mo/C catalysts are shown in
Fig. 5A. Although the main diffraction peak of MoS2 (2θ =
14◦) could be masked by the activated carbon background,
no complementary signal for this compound is found in
any of the sulfided catalysts studied. This result seems to
indicate that a well dispersed sulfided Mo phase is obtained
over activated carbon independent of the degree of surface
oxidation.

Diffraction peaks assigned to nickel sulfide phases are
clearly observed in the XRD pattern of the sulfided Ni/C-0
catalyst (Fig. 5B.a). Such diffraction peaks, however, are not

distinguished in the patterns of the Ni/C-1 and Ni/C-6 cata-
lysts (Fig. 5B, b and c.) The sulfide phases detected seem to
be Ni3S2 and NiS. This result is unexpected since the ther-
modynamically stable Ni sulfide in typical HDS conditions
is Ni3S2 (24). For the present catalysts, the sulfided carbon
support is probably stabilizing other Ni sulfide phases. Con-
sistently, a NiS millerite-type phase has been proposed in
NiMo/C catalysts as an active phase for HDS (25). In Ni/C
catalysts, the sulfided carbon support can act as a sulfur sink
to maintain this active Ni phase (8).

An important result here is that the sharp lines and inten-
sities observed show that aggregation of these nickel phases
to form large crystals takes place over the nonoxidized ac-
tivated carbon. When the support is treated by solutions of
nitric acid, the diffraction lines are no longer observed, in-
dicating that oxidation of the activated carbon surface may
enhance nickel dispersion.

Very similar results are obtained for the sulfided NiMo/C
catalysts (Fig. 5C). Evidence of Ni3S2 and NiS is also found
on the nonoxidized activated carbon (Fig. 5C, a). The
diffraction lines for the sulfided nickel phase are, however,
not observed in the acid-treated activated carbons (Fig. 5C,
b and c). As for the Mo/C catalysts, no peaks due to MoS2

are found in any of the catalysts studied. These results seem
to corroborate that dispersion of the sulfided Ni phase is
clearly favored by the oxidation of the support.

Scanning Electron Microscopy–Energy Dispersive
X-Ray Analysis (SEM-EDX)

The MoLα and NiKα SEM–EDX line profiles of the sul-
fided Mo/C, Ni/C, and NiMo/C catalysts are shown in Fig. 6.
The MoLα EDX line profiles of the sulfided Mo/C catalysts
show that Mo is homogeneously distributed throughout the
particle, disregarding the nature of the support.

For Ni supported samples, however, the characteristics
of the activated carbon surface affect the distribution of
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FIG. 5. XRD powder patterns of sulfided Mo/C (A), Ni/C (B) and
NiMo/C (C) catalysts for activated carbon supports: (a) C-0, (b) C-1, (c)
C-6; m, Ni3S2; d, NiS.

the metal over the support. Note that for the nonoxidized
activated carbon (Fig. 6B.a) a nonhomogeneous distribu-
tion of Ni is obtained, which becomes more homogeneous
as the support surface is oxidized (Fig. 6B, b and c). These
changes seem to indicate that the functionality of the acti-

FIG. 6. SEM-EDX line profiles of sulfided Mo/C, Ni/C, and NiMo/C
catalysts for activated carbon supports: (a) C-0, (b) C-1, (c) C-6.

vated carbon surface affects the dispersion of the Ni, which
is enhanced when the concentration of oxygen on the sup-
port surface is increased by acid treatment. The results from
Fig. 6 seem to corroborate those obtained by XRD analysis,
where more crystalline sulfided Ni phases are obtained for
the untreated activated carbon.

Similar results are observed for the NiMo/C catalysts.
Homogeneously dispersed Mo is found over all of the sup-
ports studied, while distribution of Ni strongly depends on
the oxidation of the support surface.

Thiophene Hydrodesulfurization Activity

The results of thiophene HDS activity (Table 5) show that
surface oxidation of the Merck activated carbon does not
affect the intrinsic catalytic activity (QTOF) of the Mo/C
catalysts. This result agrees with that reported by Solar
et al. (11) where no evidence of a clear correlation between
the surface chemical properties of the support and HDS
activity was found for Mo/C catalysts prepared by incipient
wetness impregnation with ammonium heptamolybdate.

On the other hand, the acid treatment of Merck activated
carbon does affect the catalytic behavior of Ni/C samples:
the HDS activity is enhanced when the original support
is oxidized with HNO3. Thus, the QTOF value of the C-6
supported catalyst is almost four times higher than that ob-
tained when using the C-0 activated carbon. Furthermore,
note that the HDS activity of the Ni/C-6 catalyst is similar
to that obtained for the Mo/C-6 catalyst.

Regarding the NiMo/C catalysts, Table 5 shows that the
correlation between the surface properties of the support
and the HDS activity of NiMo/C catalysts is similar to that
of the Ni/C samples: the QTOF increases when the surface
carbon is more oxidized. From the results in Table 5, it is

TABLE 5

Thiophene HDS Activity of Mo, Ni, and NiMo Supported
on Different HNO3 Treated Activated Carbonsa

Catalyst HNO3 Treatement QTOF (×104)b

Mo/C-0 0 M 52
Mo/C-0.5 0.5 M 53
Mo/C-1 1 M 47
Mo/C-6 6 M 57
Ni/C-0 0 M 17
Ni/C-0.5 0.5 M 27
Ni/C-1 1 M 43
Ni/C-6 6 M 63
NiMo/C-0 0 M 44
NiMo/C-0.5 0.5 M 57
NiMo/C-1 1 M 265
NiMo/C-6 6 M 332

a Reaction conditions: T= 375◦C; P= 30 bar; W/F= 8.5 gCAT · h ·mol−1.
b Intrinsic catalytic activity, [(mmol thiophene converted)/(total atoms

Me)] · nm2 · s−1, where Me=Mo, Ni, Mo+Ni.
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clear that the effect of the carbon surface oxidation on the
HDS activity of Ni/C catalysts is paralleled by the promot-
ing role of Ni in NiMo/C catalysts. Note that when using
C-0 and C-0.5 supports, the activities of NiMo samples are
similar to those obtained for Mo catalysts, while for C-1 and
C-6 the QTOF values of NiMo catalysts are almost six times
the corresponding values for Mo samples. This finding con-
trasts with that of Bowens et al. (26) for carbon-supported
NiMo catalysts, where a strong promotion effect takes place
on a nonoxidized carbon. Probably, this difference in the Ni
promotion effect for nonoxidized supports is caused by dif-
ferences in the type of activated carbon used. For example,
Bowens et al. used an activated carbon (Norit, RX3 Extra)
which is washed with HCl by the manufacturer to reduce
the impurity content. Thus, it is possible that the oxidation
degree of this activated carbon, due to the acid treatment,
could not be comparable with that of the nonoxidized acti-
vated carbon used for the present work.

DISCUSSION

No evidence of a correlation between the oxidized state
of the carbon support and HDS activity was found for the
Mo/C catalysts. Moreover, the results obtained by TPR,
XRD, and SEM–EDX analysis show that oxidation of the
support does not affect the characteristics of the Mo phase
obtained over the activated carbon, neither during impreg-
nation nor after the sulfidation stage. Independently of the
acid treatment of the support, the dispersion of Mo seems to
be unaffected. This explains the similar activities observed
for the different Mo/C catalysts and suggests either that the
oxygen functional groups of the activated carbon are not
important as Mo anchoring sites or, if they should be, that
they have not been optimally used.

The problem of an insensible Mo to the changes produced
on the surface functionality of the carbon support seems to
stem from the conflict that exists between active site cre-
ation and surface accessibility (11, 16). Oxidation of the
carbon surface is the principal vehicle for achieving high
Mo dispersion, by introducing oxygen functional groups
that serve as anchoring sites for the metal. However, be-
sides enhancing the adsorptive properties of the activated
carbon, oxidation renders the support surface negatively
charged over a wide range of impregnation pH conditions.
The access of molybdenum anions to these sites is, there-
fore, not favored by repulsive electrostatic forces.

This should be the case for the results observed in the
present work. No matter how much the activated carbon
surface is oxidized, if the impregnation conditions are not
optimal, dispersion of molybdenum could not be improved
and activity of the catalysts will be, as can be observed from
the present results, insensitive to the kind of carbon sup-
port used. One could expect that very low impregnation
pH values, when the interactions between the support and

the metal precursor are favorable, could be appropriate to
achieve high metal dispersion. However, molybdate poly-
merization seems to preclude the achievement of high cata-
lyst dispersion (16, 27). Also, high initial Mo dispersion may
not lead to high activity: final dispersion is also influenced
by the thermal stability of the oxygen functional groups on
the activated carbon surface (11).

Although Mo is not affected by oxidation of the activated
carbon, the HDS activity of the NiMo catalysts is consider-
ably enhanced by acid treatments of the support because of
the tremendous effect that the presence of an oxygenated
surface has on Ni during catalyst impregnation and, as a
consequence, on the species resulting from sulfiding.

As observed from TPR analysis of Ni/C catalysts, intro-
duction of oxygen functional groups (O(s)) by treatment
of the activated carbon with nitric acid leads to a strong
O(s)–Ni interaction during impregnation, forming a nickel-
oxide-type phase which becomes the preferred one as the
support surface is more oxidized. Judging from the results
obtained by SEM–EDX and XRD analysis, the formation
of this oxide phase is necessary for achieving and preserv-
ing, after the sulfidation stage, high nickel dispersion. If the
anchoring sites do not exist in an appropriate concentration,
as for the untreated activated carbon, a poor distribution
of nickel over the support cannot be avoided. When the
catalyst is sulfided, the absence of an O(s)–Ni interaction
leads to the formation of crystalline Ni–S phases, as XRD
analysis shows.

Obviously, nickel dispersion is responsible for the high
HDS activity of the Ni/C catalysts. Only a well dispersed
Ni–S active phase shows high QTOF values, activities that
in the present case are comparable with those observed
for the Mo/C catalysts. This active Ni–S phase could be
small Ni3S2 particles dispersed over the carbon support
(28, 29) or a NiS millerite-type phase (25). As observed with
XRD, these phases tend to agglomerate without O(s)–Ni
interaction during impregnation, rendering the catalyst less
active for HDS.

Ni dispersion also affects the HDS activity of the NiMo/C
catalysts. The promoting effect of Ni in the HDS activity of
the Mo/C catalysts is only observed when sufficient oxygen
functional groups are introduced on the carbon surface by
treatments with nitric acid. Note that for the Mo and NiMo
catalysts supported on the nonoxidized activated carbons
(C-0 and C-0.5), QTOF values are the same, showing that
the promoter effect of Ni does not exist in these NiMo cata-
lysts. From our results, the surface of these catalysts could
be assumed to be a well-dispersed MoS2 phase together
with agglomerates of nickel sulfides, a situation that should
be originated at the impregnation stage. As we mentioned
above, the absence of oxygen functionality on these sup-
ports seems to preclude the achievement of a well stabilized
and dispersed Ni phase that, in the NiMo/C catalysts, may
facilitate the synergism of Ni and Mo.
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The synergistic effect of Ni and Mo could be envisaged
either as remote control effect (30, 31), since the HDS
activity seems to be mainly governed by Ni dispersion,
or through the promotion of the active Ni–Mo–S phase
(25, 29, 32). The experimental results presented here do not
allow us to determine which of the two promotion models is
operative. Nevertheless, the fact that a NiMoO4-like phase
was detected in the nonsulfided NiMo catalysts, as the TPR
results suggest, seems to favor the Ni–Mo–S phase explana-
tion. Note that the reduction profile of the NiMo/C-6 is sim-
ilar to that observed for bulk NiMoO4 · xH2O, and the TPR
analyses of the sulfided catalyst match very well those re-
ported by Brito et al. (23) for the sulfided β-NiMoO4. These
authors found high thiophene HDS activity for the sulfided
molybdates studied, suggesting that phases resembling the
β-isomorph could be present in industrial-type NiMo cata-
lysts and could act as convenient precursors of very ac-
tive sulfided catalysts. In connection with this, Melo et al.
(33) found a correlation of the amount of “xNiO ·MoO3”
in the oxidic precursor with HDS activity of the sulfided
catalysts; as previously demonstrated (34), the phase er-
roneously described as xNiO ·MoO3 · yH2O was in fact
β-NiMoO4. In view of the results presented here, we sug-
gest, therefore, that a NiMoO4-like phase formed during
impregnation is the precursor of the Ni–Mo–S phase over
the present carbon-supported NiMo catalysts. High Ni dis-
persion is essential for good HDS activity, mainly because
it enhances, during impregnation, the Ni–Mo interactions
that produce the NiMoO4-like phase.

CONCLUSIONS

The results obtained show that introduction of surface
oxygen groups by acid treatments of the activated carbon
affects neither the HDS activity nor the characteristics of
the Mo phase obtained over the activated carbon. These
results indicate either that the oxygen functional groups
are not important as Mo anchoring sites or, if they are, they
are not accessible to molybdenum due to the impregnation
conditions.

It is concluded, therefore, that an understanding of the
nature of the activated carbon surface is the key to achieving
good catalytic behavior for Mo HDS catalysts. Oxidation
of the support surface to improve metal dispersion is not
enough if, in addition, the optimum conditions for cata-
lyst preparation are not achieved, conditions that should
be chosen with knowledge of the surface chemistry of the
particular carbon support.

On the other hand, the HDS activity of the Ni catalysts
is enhanced by acid treatments of the support due to the
tremendous effect that the presence of an oxygenated sur-
face has on Ni during catalyst impregnation and catalyst
sulfidation. Introduction of oxygen functional groups, O(s),
leads to a strong interaction of O(s)–Ni during impregna-

tion, forming a nickel-oxide-type phase which becomes es-
sential to achieving and preserving high nickel dispersion.
If the anchoring sites do not exist in an appropriate con-
centration, a poor distribution of nickel over the support
cannot be avoided.

Ni dispersion also affects the HDS activity of the NiMo/C
catalysts. The promoting effect of Ni in the HDS activity of
the Mo/C catalysts is only observed when oxygen functional
groups are introduced on the carbon surface. High Ni dis-
persion is essential for a good HDS activity, mainly because
it enhances Ni–Mo interactions that produce, by sulfidation,
the active Ni–Mo–S phase. In view of the results presented
here, a NiMoO4-like phase which forms during impregna-
tion is proposed as the precursor for the highly HDS active
Ni–Mo–S phase over the present carbon-supported NiMo
catalysts.
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